This paper discusses an inverter-driven single-phase brushless direct-current (BLDC) motor assembled by a housing for a cordless vacuum cleaner. Air gap in the single-phase BLDC motor is asymmetrically designed to satisfy starting and continuous torque by considering voltage fluctuation in a battery. By varying both advance and conduction angles in response to the change of battery voltage, the proposed single-phase BLDC motor with asymmetric air gap is able to maintain sufficient output power. The system efficiency of a vacuum cleaner driven by the proposed motor assembly is estimated by means of fluid dynamics in air watt, and it is also verified experimentally. From the results of the condition of 100,020 r/min, it was confirmed that the motor efficiency was in good agreement with the estimated efficiency, and air flow efficiency of 45.7% and system efficiency of 41.8% were achieved.
Introduction
Consumer electronics markets are rapidly changing from conventional to premium home appliances, with superior performance, convenience, and better design. In line with this, competition among premium products is accelerated in cordless vacuum cleaner applications. A universal motor has been used in a conventional vacuum cleaner, but it is not suitable for a premium cleaner requiring high efficiency with high speed [1] . For this reason, attention is paid to a brushless direct-current (BLDC) motor, but there is a lack of literature and research to support this trend. The BLDC motor uses an electrical commutating mechanism instead of a combination of mechanical commutators and brushes of the universal motor. Hence, it is more widely used in high-speed applications than the universal motor, due to absence of carbon dust output and no required maintenance on brush wear. A single-phase motor is suitable for cordless vacuum cleaners that require smaller size and lighter weight, due to its simple structure compared to a three-phase motor [2, 3] . Since a cordless vacuum cleaner is battery powered, it is necessary to analyze the system efficiency, including electric and airflow performance, to get the longer duration of usage. However, most studies focus only on improving the electrical performance [4, 5] or flow performance [6, 7] of a single-phase BLDC motor for fan applications.
In this study, a single-phase BLDC motor for cordless vacuum cleaners is designed to satisfy starting and continuous torque by considering voltage fluctuation in a battery by means of asymmetric air gap. In contrast with the existing study of single-phase BLDC motors in fan applications [8, 9] , asymmetric air gap. In contrast with the existing study of single-phase BLDC motors in fan applications [8, 9] , the variation of DC battery voltage in cordless vacuum cleaners has to be correlated with the ratio of maximum to minimum air gap in a non-uniform stator pole surface. The air gap is asymmetrically designed, and a computational fluid dynamics (CFD) analysis is performed to confirm the system efficiency of the proposed single-phase BLDC motor, including its inverter and fan.
Inverter-Driven Single-Phase BLDC Motor
A cordless vacuum cleaner has limited space inside, since a fan, a battery, a filter, a dust collector, an electric motor, and an inverter are assembled under the all-in-one condition. It is very important to reduce the size and weight of a cordless vacuum cleaner in order to improve user convenience and reduce fatigue. Due to a motor driven by an inverter in this paper, miniaturization can be realized by integrating the two components. Figure 1 shows the cross-sectional view of an inverter-driven singlephase BLDC motor unit and the electromagnetic structure of the motor proposed in this paper. Compared to a three-phase BLDC motor having three sets of symmetric windings, a single-phase BLDC motor is more advantageous for space utilization because there is only one set of windings. By applying a single-phase BLDC motor in a cordless vacuum cleaner, a capacitor has to be placed inside the housing together with the motor, as shown in Figure 1a , thereby reducing the overall length of the assembly to achieve miniaturization. In this paper, a single-phase BLDC motor, as shown in Figure 1b , is designed considering starting torque, continuous torque, and battery voltage fluctuation by means of an asymmetric air gap, and the efficiency of air flow is estimated through fluid dynamics at 100,000 r/min speed to confirm system efficiency.
(a) (b) Figure 1 . Research prototype of an inverter-driven single-phase brushless direct-current motor unit: (a) system profiles; (b) electromagnetic field structure of a single-phase BLDC motor.
Analysis of Proposed Single-Phase BLDC Motor

Torque Production of a Single-Phase BLDC Motor
Unlike a three-phase BLDC motor having one rotating magnetic field in either clockwise or counterclockwise direction, a single-phase BLDC motor generates two rotating magnetic fields at the same time. The two simultaneous fields spin in rotating directions opposite to each other with respect to time. Therefore, an electromagnetic structure capable of stable starting torque at all rotor positions is indispensable to the design of a single-phase BLDC motor, and hence, asymmetric air gap is generally applied to a single-phase BLDC motor [10, 11] . Its electromagnetic torque is the sum of two components, which are cogging and mutual torque generated by a permanent magnet and two magnetic fields, respectively. The two fields are separately created by a permanent magnet and current in stator windings. Electromagnetic total torque is expressed as (1) where and are mutual and cogging torque described by the following equations, respectively.
Figure 1.
Research prototype of an inverter-driven single-phase brushless direct-current motor unit: (a) system profiles; (b) electromagnetic field structure of a single-phase BLDC motor.
Analysis of Proposed Single-Phase BLDC Motor
Torque Production of a Single-Phase BLDC Motor
Unlike a three-phase BLDC motor having one rotating magnetic field in either clockwise or counterclockwise direction, a single-phase BLDC motor generates two rotating magnetic fields at the same time. The two simultaneous fields spin in rotating directions opposite to each other with respect to time. Therefore, an electromagnetic structure capable of stable starting torque at all rotor positions is indispensable to the design of a single-phase BLDC motor, and hence, asymmetric air gap is generally applied to a single-phase BLDC motor [10, 11] . Its electromagnetic torque is the sum of two components, which are cogging and mutual torque generated by a permanent magnet and two magnetic fields, respectively. The two fields are separately created by a permanent magnet and current in stator windings. Electromagnetic total torque is expressed as
where T mu and T cog are mutual and cogging torque described by the following equations, respectively. 
where i, λ m , φ m , R are current, flux linkage, flux, and reluctance, respectively. Also, θ, β, γ are rotor position, phase angle in mutual torque, and cogging torque, respectively. From Equations (2) and (3), the rotor point at which the mutual and cogging torque is zero should be determined by the phase angle of β and γ at each corresponding torque, respectively. Figure 2a shows the sum of mutual and cogging torque in a single-phase BLDC motor with symmetric air gap. In this case, phase angles β and γ are synchronized so that zero mutual and zero cogging torque happen at the same time. As a result, there is a dead point in every cycle of total torque, and this situation causes starting failure. Asymmetric air gap should be adopted in a single-phase BLDC motor [10, 11] .
As given in Figure 2b , the use of asymmetric air gap changing reluctance causes larger variation in the phase angle of γ than the phase angle of β. The reason for this is that the phase angle of γ is more proportional to the rate of change of reluctance with the rotor position, as shown in Equation (3). The variation of phase angle γ and phase angle β causes a phase shift between mutual and cogging torque, as shown in Figure 2b , but there is still negative torque at low levels of current, like in i 2 . In order to generate positive torque at all rotor positions, it is necessary to increase mutual torque by exciting greater amounts of current, like in i 1 . Hence, asymmetry air gap is one of the important design factors to guarantee stable starting torque, continuous torque, and motor efficiency. 
where , , , are current, flux linkage, flux, and reluctance, respectively. Also, , , are rotor position, phase angle in mutual torque, and cogging torque, respectively. From Equations (2) and (3), the rotor point at which the mutual and cogging torque is zero should be determined by the phase angle of and at each corresponding torque, respectively. Figure 2a shows the sum of mutual and cogging torque in a single-phase BLDC motor with symmetric air gap. In this case, phase angles and are synchronized so that zero mutual and zero cogging torque happen at the same time. As a result, there is a dead point in every cycle of total torque, and this situation causes starting failure. Asymmetric air gap should be adopted in a singlephase BLDC motor [10, 11] .
As given in Figure 2b , the use of asymmetric air gap changing reluctance causes larger variation in the phase angle of than the phase angle of . The reason for this is that the phase angle of is more proportional to the rate of change of reluctance with the rotor position, as shown in Equation (3). The variation of phase angle and phase angle causes a phase shift between mutual and cogging torque, as shown in Figure 2b , but there is still negative torque at low levels of current, like in 2 . In order to generate positive torque at all rotor positions, it is necessary to increase mutual torque by exciting greater amounts of current, like in 1 . Hence, asymmetry air gap is one of the important design factors to guarantee stable starting torque, continuous torque, and motor efficiency. 
Design of Asymmetric Air gap
As given in Figure 3a ,b, tapered and stepped types of asymmetric air gap are selected to design a single-phase BLDC motor. In Figure 3a , stator pole surfaces are tapered by using one arc with gradual changes in the length of air gap; in other words, the ratio of minimum to maximum length in air gap is varied. In Figure 3b , stepped air gap has the same ratio of minimum to maximum length as the tapered type, but there are three separate sections of air gap as , , and , illustrated in 
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As given in Figure 3a ,b, tapered and stepped types of asymmetric air gap are selected to design a single-phase BLDC motor. In Figure 3a , stator pole surfaces are tapered by using one arc with gradual changes in the length of air gap; in other words, the ratio of minimum to maximum length in air gap is varied. In Figure 3b , stepped air gap has the same ratio of minimum to maximum length as the tapered type, but there are three separate sections of air gap as θ A , θ B , and θ C , illustrated in Figure 3b . In order to investigate the performance of a single-phase BLDC motor by changing the asymmetry of air gap, four ratios of 1.25, 1.50, 1.75, and 2.00 between minimum and maximum length are chosen and applied to both tapered and stepped structures. In the case of the stepped air gap, three angular portions of , , and are changed in terms of their fraction, and six combinations with respect to , , and are presented in Table 1 . No load performance is compared in tapered and stepped air gap, as shown in Figures 4 and 5 , respectively, by employing the ratio of minimum to maximum length from 1.25 up to 2.00. Regardless of type of air gap, the increase of length ratio in air gap reduces back electromotive force (EMF) and cogging torque at the same time, but it increases the phase difference between back-EMF and cogging torque. It is seen that the back-EMF and cogging torque of stepped air gap are larger than those of tapered air gap, since more flux is generated in the stepped structure in direct proportion to average reluctance in air gap. In Figure 5a ,b, the performance of stepped air gap is estimated in terms of ratio of length and angle in the case of no load. By increasing the region of and decreasing the region of compared to , back-EMF and cogging torque is improved, since the fraction of minimum air gap is proportional to average reluctance in its magnetic circuit. Figure 5c shows that phase angle between back-EMF and cogging torque is increasingly shifted as the angle of gets smaller, regardless of angles and , as given in Table 1 . This is because cogging torque becomes zero at a point of minimum reluctance. In order to investigate the performance of a single-phase BLDC motor by changing the asymmetry of air gap, four ratios of 1.25, 1.50, 1.75, and 2.00 between minimum and maximum length are chosen and applied to both tapered and stepped structures. In the case of the stepped air gap, three angular portions of θ A , θ B , and θ C are changed in terms of their fraction, and six combinations with respect to θ A , θ B , and θ C are presented in Table 1 . Table 1 . In the case of stepped air gap, angular ratio of three portion of θ A , θ B , and θ C in degrees. No load performance is compared in tapered and stepped air gap, as shown in Figures 4 and 5 , respectively, by employing the ratio of minimum to maximum length from 1.25 up to 2.00. Regardless of type of air gap, the increase of length ratio in air gap reduces back electromotive force (EMF) and cogging torque at the same time, but it increases the phase difference between back-EMF and cogging torque. It is seen that the back-EMF and cogging torque of stepped air gap are larger than those of tapered air gap, since more flux is generated in the stepped structure in direct proportion to average reluctance in air gap. In order to investigate the performance of a single-phase BLDC motor by changing the asymmetry of air gap, four ratios of 1.25, 1.50, 1.75, and 2.00 between minimum and maximum length are chosen and applied to both tapered and stepped structures. In the case of the stepped air gap, three angular portions of , , and are changed in terms of their fraction, and six combinations with respect to , , and are presented in Table 1 . No load performance is compared in tapered and stepped air gap, as shown in Figures 4 and 5 , respectively, by employing the ratio of minimum to maximum length from 1.25 up to 2.00. Regardless of type of air gap, the increase of length ratio in air gap reduces back electromotive force (EMF) and cogging torque at the same time, but it increases the phase difference between back-EMF and cogging torque. It is seen that the back-EMF and cogging torque of stepped air gap are larger than those of tapered air gap, since more flux is generated in the stepped structure in direct proportion to average reluctance in air gap. In Figure 5a ,b, the performance of stepped air gap is estimated in terms of ratio of length and angle in the case of no load. By increasing the region of and decreasing the region of compared to , back-EMF and cogging torque is improved, since the fraction of minimum air gap is proportional to average reluctance in its magnetic circuit. Figure 5c shows that phase angle between back-EMF and cogging torque is increasingly shifted as the angle of gets smaller, regardless of angles and , as given in Table 1 . This is because cogging torque becomes zero at a point of minimum reluctance. In Figure 5a ,b, the performance of stepped air gap is estimated in terms of ratio of length and angle in the case of no load. By increasing the region of θ A and decreasing the region of θ C compared to θ B , back-EMF and cogging torque is improved, since the fraction of minimum air gap is proportional to average reluctance in its magnetic circuit. Figure 5c shows that phase angle between back-EMF and cogging torque is increasingly shifted as the angle of θ A gets smaller, regardless of angles θ B and θ C , as given in Table 1 . This is because cogging torque becomes zero at a point of minimum reluctance. The characteristics of continuous and starting torque are evaluated in two types of asymmetric air gap by examining minimum torque compared to total torque under the condition of DC current limited from 70 A up to 80 A, considering maximum allowable current of switching devices. Simulation results of tapped and stepped air gap are shown in Figures 6 and 7 , respectively.
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In the case of tapered air gap, phase difference between back-EMF and cogging torque becomes significant at a ratio of minimum to maximum length in air gap, so that continuous torque and starting torque are the best at a length ratio of 2.0. In the case of stepped air gap, continuous torque starts to be generated at a length ratio of 1.5 or more in air gap, and starting torque characteristic peaks at a stator angle ratio of 2:1:3. The models with the best continuous torque and starting torque are finally selected and research is carried out to confirm the output power and efficiency during inverter control. The final models are tapered air gap with length ratio of 2.0 and stepped air gap with length ratio of 2.0 and stator angle ratio of 2:1:3. The characteristics of continuous and starting torque are evaluated in two types of asymmetric air gap by examining minimum torque compared to total torque under the condition of DC current limited from 70 A up to 80 A, considering maximum allowable current of switching devices. Simulation results of tapped and stepped air gap are shown in Figures 6 and 7 , respectively.
In the case of tapered air gap, phase difference between back-EMF and cogging torque becomes significant at a ratio of minimum to maximum length in air gap, so that continuous torque and starting torque are the best at a length ratio of 2.0. In the case of stepped air gap, continuous torque starts to be generated at a length ratio of 1.5 or more in air gap, and starting torque characteristic peaks at a stator angle ratio of 2:1:3. The models with the best continuous torque and starting torque are finally selected and research is carried out to confirm the output power and efficiency during inverter control. The final models are tapered air gap with length ratio of 2.0 and stepped air gap with length ratio of 2.0 and stator angle ratio of 2:1:3. 
Control of Single-Phase BLDC Motor
A conventional commutation control with fixed switch on-off angle of a three-phase BLDC motor causes severe current lagging in a cordless vacuum cleaner [12] . The current lagging creates problems of power drop and negative torque generation. Due to the specificity of the cordless design, it is necessary for the controller to maintain constant output power in consideration of battery voltage fluctuation according to the cleaning time. As shown in Figure 8 , both advance and conduction angle controls are used to achieve constant power in this paper.
The advance angle and conduction angle technique is to control phase and pulse-width of input voltage. Increasing advance angle helps the current to rise faster, and thus power is increased. On the other hand, as freewheeling interval becomes longer by decreasing conduction angle , power drops. Therefore, it is important to find the combination of advance and conduction angles that correspond to battery voltage fluctuation to maintain the constant output power in a cordless vacuum cleaner. 
The advance angle and conduction angle technique is to control phase and pulse-width of input voltage. Increasing advance angle θ ad helps the current to rise faster, and thus power is increased. On the other hand, as freewheeling interval θ f r becomes longer by decreasing conduction angle θ cm , power drops. Therefore, it is important to find the combination of advance and conduction angles that correspond to battery voltage fluctuation to maintain the constant output power in a cordless vacuum cleaner. 
Electrical Dynamics of Single-Phase BLDC Motor
Battery voltage is fluctuated between 20 and 26 volts, and output power and efficiency are estimated by varying both advance and conduction angles in response to the change of battery voltage. In terms of minimum and maximum battery voltage, Figure 9 shows output power with respect to advance and conduction angles in the case of tapered air gap with a length ratio of 2.0. The influence of advance angle on output is more dominant than that of conduction angle due to the importance of early rise of current. Considering the maximum current of switching devices, the maximum output is 700 watts and 800 watts in the battery voltage of 20 volts and 26 volts, respectively. In Figure 10 , the output power of stepped air gap is predicted considering the length and angle ratios of air gap are 2.0 and 2:1:3, respectively. Since the output of stepped air gap is same as that of tapered air gap, it is proven that the output of 700 watts is guaranteed in both types of air gap, regardless of battery voltage fluctuation from 20 to 26 volts. The rated condition of a cordless vacuum 
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Battery voltage is fluctuated between 20 and 26 volts, and output power and efficiency are estimated by varying both advance and conduction angles in response to the change of battery voltage. In terms of minimum and maximum battery voltage, Figure 9 shows output power with respect to advance and conduction angles in the case of tapered air gap with a length ratio of 2.0. The influence of advance angle on output is more dominant than that of conduction angle due to the importance of early rise of current. Considering the maximum current of switching devices, the maximum output is 700 watts and 800 watts in the battery voltage of 20 volts and 26 volts, respectively. In Figure 10 , the output power of stepped air gap is predicted considering the length and angle ratios of air gap are 2.0 and 2:1:3, respectively. Since the output of stepped air gap is same as that of tapered air gap, it is proven that the output of 700 watts is guaranteed in both types of air gap, regardless of battery voltage fluctuation from 20 to 26 volts. The rated condition of a cordless vacuum In Figure 10 , the output power of stepped air gap is predicted considering the length and angle ratios of air gap are 2.0 and 2:1:3, respectively. Since the output of stepped air gap is same as that of tapered air gap, it is proven that the output of 700 watts is guaranteed in both types of air gap, regardless of battery voltage fluctuation from 20 to 26 volts. The rated condition of a cordless vacuum cleaner is 580 watts at 100,000 r/min, and the performance of the two types of air gap is compared in Table 2 in the case of 20 and 26 volts of battery voltage, respectively. In spite of battery swing, rated torque is maintained in both types of air gap with an approximate efficiency of 94% in the range of 20 and 26 volts. Since continuous and starting torque are relatively better in the tapered air gap, as shown in Figures 6 and 7 , in this paper, the tapered air gap is selected for further investigation in a cordless vacuum cleaner. cleaner is 580 watts at 100,000 r/min, and the performance of the two types of air gap is compared in Table 2 in the case of 20 and 26 volts of battery voltage, respectively. In spite of battery swing, rated torque is maintained in both types of air gap with an approximate efficiency of 94% in the range of 20 and 26 volts. Since continuous and starting torque are relatively better in the tapered air gap, as shown in Figures 6 and 7 , in this paper, the tapered air gap is selected for further investigation in a cordless vacuum cleaner. Figure 11 shows an entire simulation modeling to estimate the fluid dynamics of a single-phase BLDC motor assembled by the housing of Figure 1a inside a vacuum cleaner. The volume of the orifice Energies 2019, 12, 465 9 of 13 and vacuum chambers is modeled as a cylinder with a diameter of 500 mm. However, the ambient part is much smaller than the orifice. The dimensions of all regions are set equal to the test conditions of a commercial cordless vacuum cleaner. More detailed simulation conditions for CFD analysis are described in the paper [13] . The efficiency of air flow is determined by the flow rate of air (Q) and the average pressure of air on the entire surface of the vacuum (Pa), as given in Equation (4).
Fluid Dynamics of Single-Phase BLDC Motor
where P sha f t , T, ω are the power of shaft, torque, and speed, respectively.
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where , , ω are the power of shaft, torque, and speed, respectively. Figure 11 . Simulation modeling to estimate the fluid dynamics of single-phase BLDC motor inside vacuum cleaner. Figure 12 shows the assembly of a single-phase BLDC motor for a cordless vacuum cleaner and its cross-sectional view along the plane of y-z and x-z. In Figure 12b , it is seen that the placement of capacitors makes air flow asymmetric inside the housing. Therefore, in this paper, the effect of capacitors on air flow is calculated in terms of fluid dynamics by comparing CFD results with and without capacitors at the same time. Figures 13 and 14 show CFD results based on the presence and absence of capacitors in terms of the velocity vectors of air along the plane of y-z and x-z, respectively. In Figure 13a , with capacitors, air leaving from the diffuser is divided into two paths, and the first path of air along the line of (A) goes straight out of the housing. The second path of air is the contour of (B), where the vortex is Figures 13 and 14 show CFD results based on the presence and absence of capacitors in terms of the velocity vectors of air along the plane of y-z and x-z, respectively. In Figure 13a , with capacitors, air leaving from the diffuser is divided into two paths, and the first path of air along the line of (A) goes straight out of the housing. The second path of air is the contour of (B), where the vortex is generated by air colliding with either a rotor assembly, a stator assembly, or coils. Compared to Figure 13a , similar flows of air exist in Figure 13b without capacitors, and it is noted that airflow does not depend on capacitors along the plane of y-z. In Figure 14 , on the other hand, airflow is different in terms of whether there are capacitors or not. From Figure 14a ,b, there is no distinct difference in the airflow of (D) passing between the diffuser and the stator slot. However, the capacitors below the flow path of (C) in Figure 14a affect airflow, and the efficiency of airflow is changed compared to Figure 14b . Table 3 shows the comparison of the efficiency of airflow with and without capacitors. From the CFD results, the gap in the efficiency of airflow due to the presence and absence of capacitors is 0.2%, which is not significant compared to the efficiency of a motor in Table 2 .
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Experimental Verification of Efficiency in Airflow
As shown in Table 4 , the experimental results show that motor efficiency goes down slightly as speed increases, and in spite of less output compared to simulation in Table 2 , it is noted that the performance of a single-phase BLDC motor designed in this paper has been sufficiently verified by experiments. Since pressure and air flow are linearly proportional to speed in the range of 80,000 up to 100,000 r/min [10] , measured airflow efficiency is approximately 46%. The single-phase BLDC motor assembly proposed for a cordless vacuum cleaner has been tested to show system efficiency of 41.8%, in which motor, inverter, and airflow efficiencies are taken into account together.
Conclusions
This paper discusses the design of a single-phase BLDC motor unit for cordless vacuum cleaners and analysis of system efficiency using the CFD analysis. For this, motor design, inverter control, and flow path analysis were performed, and a prototype was fabricated and tested. Two asymmetric air gaps-tapered type and stepped type-were compared to meet the generation of starting torque and continuous torque in a single-phase BLDC motor. In the motor efficiency, both the asymmetric air gaps showed a high efficiency of 94%, and the tapered type performed better in terms of torque ripple Due to difficulties in completely matching experimental testing conditions at 100,000 r/min during the initial design of a single-phase BLDC motor, there is a gap between estimation in Table 3 and measurement in Table 4 . Because of that, the measured output at 100,020 r/min is 412.2 watts, which is approximately 71% of its rated value given in Table 2 . Also, due to the unusual condition of a vacuum cleaner at high speed compared to other home appliances, it is difficult to reproduce the actual operating situation of a vacuum cleaner on a dynamometer bench, and hence, core loss is included in experimental results to end up with system efficiency, as shown in Table 4 .
This paper discusses the design of a single-phase BLDC motor unit for cordless vacuum cleaners and analysis of system efficiency using the CFD analysis. For this, motor design, inverter control, and flow path analysis were performed, and a prototype was fabricated and tested. Two asymmetric air gaps-tapered type and stepped type-were compared to meet the generation of starting torque and continuous torque in a single-phase BLDC motor. In the motor efficiency, both the asymmetric air gaps showed a high efficiency of 94%, and the tapered type performed better in terms of torque ripple and was selected as the final model in this paper. Considering voltage fluctuation in a battery of cordless vacuum cleaners, it was confirmed that the same level of efficiency was maintained by controlling both the advance angle and conduction angle regardless of the voltage fluctuation. The CFD analysis was carried out and the difference in air flow efficiency due to the capacitors inside the motor housing was confirmed to be 0.2%. The final model was fabricated and tested under operating conditions ranging from 84,068 r/min to 100,020 r/min. From the results of the condition of 100,020 r/min, it was confirmed that the motor efficiency was in good agreement with the estimated efficiency, and air flow efficiency of 45.7% and system efficiency of 41.8% were achieved. Because the efficiency of the single-phase BLDC motor and the inverter drive shows a satisfactory level of efficiency, it is necessary to improve air flow efficiency to obtain a high system efficiency. The goal of future research is to improve air flow efficiency through optimum design, considering both the motor core and the housing structure. This study will be used as a reference literature in the design of a single-phase BLDC motor for cordless vacuum cleaners in terms of both motor and system efficiency under the condition of voltage fluctuation in a battery.
